Genetic diversity within a population of the southern plains woodrat was examined using DNA sequences (967 base pairs [bp]) obtained from the control or d-loop region of the mitochondrial genome. One hundred fourteen individuals from 10 collection sites were assigned to 42 haplotypes. Haplotype diversity values were moderate to high (0.974 overall and ranged from 0.524 to 0.964 across collecting sites), whereas nucleotide diversity values were low (0.008 overall and ranged from 0.001 to 0.010 across sites), indicating that this population possesses a high number of closely related haplotypes. Seventy-nine percent of the genetic variability was partitioned within groups that corresponded to the collecting sites. In addition, 13 samples from Texas, New Mexico, and Mexico were included as references for evaluating the evolutionary history of haplotypes. Nested clade analysis revealed that restricted gene flow with isolation by distance in conjunction with contiguous range expansion was responsible for the observed pattern of genetic diversity. A test of neutrality supported the diagnosis of restricted gene flow, but failed to support contiguous range expansion due solely to population growth. Examination of the spatial distribution of the haplotypes indicated that most haplotypes were restricted to a single collecting site; however, a small number of haplotypes were found at 2 or more sites. A phylogenetic analysis indicated that some haplotypes (28.6%) were restricted to the study area whereas the remaining haplotypes occupied a broader geographic region.
Woodrats (genus Neotoma) are a principal host of Whitewater Arroyo arenavirus (WWAV-Fulhorst et al. 1996 Kosoy et al. 1996) , with isolates reported from 4 species: Neotoma albigula (changed to N. leucodon by , N. cinerea, N. mexicana, and N. micropus. Specific rodents (usually 1 or 2 closely related species) are the principal hosts of WWAV and other arenaviruses for which natural host relationships have been characterized. The dominant feature of arenaviruses is their ability to establish chronic infections in their respective principal rodent hosts. A recent study (Fulhorst et al. 2002) revealed extensive genetic diversity among 5 strains (isolates) of WWAV isolated from contemporary N. micropus (southern plains woodrat) captured on the Chaparral Wildlife Management Area in southern Texas. In that study, levels of genetic divergence among WWAV isolates ranged from 0.2% to 12.9%. Perhaps the most intriguing finding was that individuals collected less than 1 km from each other possessed a genetic divergence of 12.7%. These findings indicated that substantial genetic diversity could exist within a single host species over a relatively small geographic area.
Consequently, 2 hypotheses were proposed by Fulhorst et al. (2002) to explain the observed pattern of viral genetic diversity in the host population. The coexistence of these multiple genetic variants of WWAV on the Chaparral Wildlife Management Area might have been a consequence of commingling of allopatric populations of N. micropus, each associated with a distinct WWAV genotype. Alternatively, the different genetic forms of the virus might have descended from a common ancestor and diverged in situ (in this population) over an extended period of time.
Knowledge of genetic diversity within this population of N. micropus is required to elucidate the source(s) of genetic diversity within WWAV on the Chaparral Wildlife Management Area. Two approaches can be used to examine genetic diversity in this context. Diversity can be determined from several loci (such as microsatellites) for each individual in a population. This approach results in a complex and perhaps unique genotype being estimated for each individual in the population. Alternatively, genetic diversity can be examined from a broader subdivision or cross-section of the population. For example, such a subdivision could correspond to maternal or paternal lineages. In order to examine genetic diversity in the context of the hypotheses outlined above, it seems prudent to 1st examine patterns of genetic diversity along maternal lineages. Although a complex and unique genotype can provide greater resolution in most cases, more general patterns of association might be overlooked. Examination of maternal lineages especially would be valuable if arenaviruses are transmitted vertically (mother to offspring).
The present study quantified and characterized the levels of genetic diversity in a population of N. micropus in south Texas, and attempted to elucidate the biological processes that might be the source of the genetic diversity in this population. To accomplish this, nucleotide sequences from the d-loop region (control region) of the mitochondrial genome were examined. The d-loop region was selected based on its rapid rate of sequence evolution (on average 4 times faster than mitochondrial protein coding regions- Pesole et al. 1999 ) and its utility in constructing maternal lineages (Rooney et al. 2001 ).
MATERIALS AND METHODS
The research area (Chaparral Wildlife Management Area) primarily is a mixture of mesquite and acacia grasslands, described in detail by Fulhorst et al. (2002) and Suchecki et al. (2004) , and currently is a wildlife management area for the state of Texas. Sampling of woodrats was conducted once per season (January, March, June, and October) during 2001 and 2002 and included 10 sampling sites. The sampling design included 2 phases, mark-recapture (3 sites), and excavation of middens (7 sites) with subsequent collection of all inhabitants. Woodrats included in this study were part of a prospective study on the ecology of WWAV and the natural history of woodrats on the Chaparral Wildlife Management Area.
Collection and processing of woodrats.-The mark-recapture phase used a web-based design (Anderson et al. 1983 ) and encompassed 3 webs established approximately 3-4 km apart (Fig. 1 ). Webs were constructed at locations containing arenavirus positive animals reported by Fulhorst et al. (2002) . Each web contained 16 equidistant spokes, with 20 Sherman traps (H. B. Sherman Trap Inc., Tallahassee, Florida) placed 5 m apart on each spoke (320 traps per web). Traps were baited with a mixture of birdseed and rolled oats, set at dusk, and checked at dawn. Webs were sampled for 3 consecutive nights each season. Captured individuals were measured, weighed, ear-punched, and given a unique number (TK number) cross-referenced to an individual-specific toe-clip pattern for identification purposes, and released at the site of initial capture.
The midden design involved sampling 7 sites, each represented by a 25 m radius circle as described by Suchecki et al. (2004) . These sites were selected for their high density of middens (confirmed by visual inspection), but were not located closer than 500 m from other midden sites or webs in order to preserve sampling independence. The objective was to excavate middens in order to capture family units (females and their presumed offspring). Similar data were recorded as above; however, as the midden study was part of another ongoing research project, tissues (heart, kidney, muscle, lung, liver, and spleen) were obtained instead of toe and ear clips, and voucher specimens were prepared following animal care and use procedures approved by the American Society of Mammalogists (Animal Care and Use Committee 1998) .
In addition, 13 individuals of N. micropus collected from Texas, New Mexico, and Mexico, and 1 sample of N. leucodon were included as reference and outgroup taxa for data analysis. Collection localities are provided in the Specimens Examined (Appendix I).
DNA sequencing.-Two hundred eighty one woodrats were captured from the 3 webs and 177 from the 7 midden sites. Of these, a sub-sample containing 114 individuals (28 individuals from webs and 86 from midden sites) was selected for genotyping (Appendix I). Individuals comprising this subsample were chosen to represent age and sex structure of the captured woodrats, as well as to include individuals from all collection sites. The midden sample included 12 family units (12 females and 22 presumed offspring).
Toe and ear clips, tissues, and voucher specimens were deposited in the Vital Tissue Collection and the Recent Mammal Collection in the Natural Science Research Laboratory of the Museum of Texas Tech University and served as the DNA source in this study. Whole genomic DNA was isolated from the toe-clip, ear-clip, or liver samples using a Puregene DNA isolation kit (Gentra Systems, Minneapolis, Minnesota). Polymerase chain reaction (PCR) primers specific to the d-loop region (reverse primer 2340 -5, Castro-Campillo et al. 1999 and forward primer Nmic59, TCCTCAAGGCATCAAGAAG) were used to amplify the entire d-loop region (967 bp) of the mitochondrial genome. The following thermal profile was used for amplification: an initial cycle of 93.58 C for 1 min, followed by 33 cycles of 93.58 C for 40 s, 498 C for 40 s, and 728 C for 2 min 40 s, and 728 C for 2 min. Purification of PCR products was done with a QIAquick kit (Quiagen, Inc., Chatsworth, California). Sequencing reactions used the 2 PCR primers described above and 2 internal cycle sequencing primers (1115 Reverse: ATGACCCTGAAGAARGAACCAG and 500 Forward: TCTCTTAATCTACCATCCTCCGTG). Both forward and reverse sequences were obtained using an automated ABI 310 or 3100 Avant automated sequencers (PE Applied Biosystems, Foster City, California). Sequences initially were aligned using Sequencher 3.1 software (Gene Codes, Ann Arbor, Michigan) and then adjusted manually. All sequences were deposited into GenBank (accession numbers AY338500-AY338613; AY496214-AY496225). GenBank and voucher specimen reference numbers are provided in Specimens Examined (Appendix I).
Data analysis.-For this study, a mitochondrial haplotype was defined as a unique DNA sequence. Therefore, multiple individuals with identical d-loop sequences were considered to represent the same haplotype. In cases where haplotypes differed by a single nucleotide, chromatographs and resultant sequences were reexamined to verify the single nucleotide change.
Haplotype distribution and frequencies, and 2 standard genetic diversity indices, haplotype diversity (h-Nei 1987) , and nucleotide diversity (p-Tajima 1983) were estimated using Arlequin 2.0 software (Schneider et al. 2000 ). An analysis of molecular variance (AMOVA- Excoffier et al. 1992; Weir 1996; Weir and Cockerham 1984) was performed to estimate the partitioning of genetic variation. Genetic differentiation among sites was measured using Wright's (1951 Wright's ( , 1965 ) F ST statistic. Individuals representing the reference samples and those comprising the family units were not included in these analyses.
The program TCS (version 1.12- Clement et al. 2000) was used to verify haplotype frequencies of haplotypes obtained from the study site and generate a network depicting the haplotype genealogy under the method of statistical parsimony (Templeton et al. 1992 ). The resulting network was converted into a series of nested clades (1-step to 5-step) following the procedure described by Templeton et al. (1987) . A network was used to depict differences among haplotypes because of its appropriateness at intraspecific and population levels (Posada and Crandall 2001) .
The geographic locations of collection sites were combined with nested clades and analyzed using the program GeoDis to test for geographic association and possible processes generating the observed pattern of haplotype distribution. Clade distance (D c : estimation of geographic variability represented in each clade), nested clade distance (D n : description of geographic distribution of a clade in relation to other clades in the same nesting category), and interior-tip statistics (I-T: average interior distance minus average tip distance for each nesting level) were estimated. These parameters were used in conjunction with an inference key (Templeton et al. 1995 ) associated with GeoDis to interpret results of the geographic distance analysis and test of interior versus tip clades. The null hypothesis for this test was that no association existed between haplotype genealogy and geographic distribution of clades.
Explanations for the patterns of genetic diversity inferred from the test of Templeton et al. (1995) were further evaluated using Fu's test of neutrality (F S -Fu 1996) . Under this test, excessively negative values are indicative of an excess of recent mutations (Fu 1997) . This test was performed using the software program Arlequin 2.0 (Schneider et al. 2000) and 2 methods of analysis. In the 1st analysis, individuals were grouped according to collection sites, whereas in the 2nd analysis individuals were grouped based on the hierarchy of nested clade (highest in this case).
A 2nd test, spatial autocorrelation, was used to evaluate the relationship between haplotypes (genetic distances) and geographic distribution. This test was performed using the software package GenA1Ex v.5 (Peakall and Smouse 2001) with 1,000 bootstrap replications.
The 13 reference samples of N. micropus and the sample of N. leucodon (outgroup taxon) were combined with 1 representative of each haplotype obtained from the study site. These sequences were examined in a phylogenetic context to ascertain the geographic distribution and evolutionary history of haplotypes obtained from the study site. A neighbor-joining tree was obtained using the software FIG. 1.-Map depicting collection sites at the Chaparral Wildlife Management Area. Web sites are denoted by roman numerals in ovals and midden sites are denoted by numbers in rectangles. In both instances, numerals and numbers are followed by sample size. Star represents the study site, and closed circles and numbers (see Appendix I) depict the reference samples. See text for description of web and midden sites. Haplotypes are represented by the letter ''H'' followed by the haplotype number. Boldface numbers indicate haplotypes that were shared between sites and plain numbers indicate haplotypes that were site specific. Lines depict sites sharing a particular haplotype.
program PAUP* (Swofford 2002 ) and Tamura and Nei genetic distances (Tamura and Nei 1993) with a minimum evolution model. The Tamura and Nei model was selected because it was developed for use with control region sequences. Parsimony and likelihood methods were evaluated but were not included due to a paucity of informative characters within the data set.
RESULTS
Analysis of 114 d-loop sequences (967 bp) revealed 60 variable sites that defined 42 distinct haplotypes. Haplotypes 1-20 occurred multiple times, with haplotypes 1 and 5 being most frequent (9.6% and 7.0%, respectively). The 22 remaining haplotypes were unique (Table 1) . Of these, haplotypes 1, 2, 5, 7, 8, 10, and 17 were present in multiple sampling sites, whereas the remaining haplotypes were restricted to a single locality (Fig. 1, Table 1 ).
Given that 14 pairs of haplotypes differed by a single nucleotide, we were concerned that single nucleotide changes might have been generated in either data collection (PCR and sequencing) or scoring. Polymerase error (2.4 Â 10 À5 to 8.9 Â 10 À5 ; Cariello et al. 1991 ) is 1 possible source for generation of artifacts in the d-loop nucleotide sequence data. The fact that identical haplotypes were present in multiple individuals suggests that polymerase error would have had to occur at identical sites in different individuals and therefore is an unlikely source for differences among haplotypes. In most instances (92 of the 106 relationship scenarios) haplotypes differed at multiple nucleotide sites, suggesting that differences among haplotypes were valid. Another source of confirmation comes from identical sequences shared by the 12 mother/ offspring units included in this study. Because the d-loop is inherited maternally, offspring would be expected to have the same haplotype as their mothers. Additionally, the number of variable sites found within the d-loop region in this study is similar to that reported in other studies of mammals using d-loop sequence data (Matson et al. 2000; Matsuhashi et al. 1999; Mirol et al. 2002) . Overall population haplotype diversity, which represents number and frequency of haplotypes, was 0.974 and withinpopulation haplotype diversity ranged from 0.524 to 0.964 across the 10 collection sites (Table 2) . Nucleotide diversity, which reflects frequency of haplotypes and sequence divergence among all haplotypes, was 0.008 and ranged from 0.001 to 0.010 among the 10 collecting sites (Table 2 ). Percentage of variation attributable to within-group variation was 79.5%, and among-group variation was 20.5%. Genetic differentiation among sites (F ST statistic) was 0.205.
In the nested clade analysis (Fig. 2) , 23 mutational steps separated the 2 most divergent haplotypes. The statistical parsimony method of Templeton et al. (1992) predicted that 63 haplotypes were not sampled in this study. Haplotypes that were not sampled were included in order to reconstruct the hypothetical mutational steps linking each haplotype. Within the parsimony network, 4 loops, indicative of ambiguous relationships, were resolved using the logic of Crandall and Templeton (1993) . Resolution of these ambiguous relationships allowed the estimation of tip versus interior distance for 3 clades, enabling us to increase the resolution of the nested clade analysis.
Using GeoDis and the inference key of Templeton et al. (1995) the null hypothesis of no association between genetic and geographic distance was rejected for 19 of the 90 clades. Of these 19 clades, 8 produced inconclusive results, 5 were indicative of restricted gene flow with isolation by distance, and 3 were indicative of contiguous range expansion. For the 3 remaining clades, results were inadequate to distinguish between fragmentation and isolation by distance or contiguous range expansion and long distance colonization (Table 3) .
Fu's test of neutrality (Fu 1996) revealed nonsignificant and positive values (F S ) for individuals grouped according to sampling site, with 1 exception. Midden Site I possessed a significant and negative value (F S ¼ À3.815, P ¼ 0.033). When individuals were grouped using a hierarchical nested clade approach, clades 5-1 and 5-2 both possessed negative F S values (À4.949 and À1.650, respectively); however, only clade 5-1 was significant (P ¼ 0.025).
No significant autocorrelation values (GenA1Ex v.5-Peakall and Smouse 2001) were found between spatial distribution and genetic structure. Consequently, we were unable to reject the null hypothesis (no association between genetic and geographic distances) for this test.
Relationships among haplotypes were examined using a neighbor-joining tree constructed from Tamura and Nei genetic distances (Tamura and Nei 1993) . One representative from each of the 42 haplotypes was included in the analysis along with reference and outgroup haplotypes (n ¼ 14). Seven major clades (I-VII) were depicted (Fig. 3) . Three clades (I, II, VII) contained haplotypes from the study site and reference haplotypes that were distantly located to the study site (.200 km). One clade (VI) contained haplotypes from the study site and reference haplotypes located ,200 km from the study site. Two clades, IV (1 haplotype) and V (11 haplotypes), contained only haplotypes from the study site, and clade (III) contained only reference haplotypes.
DISCUSSION
The woodrat population at Chaparral Wildlife Management Area is characterized by a pattern of low nucleotide diversity and moderate to high haplotype diversity. Nucleotide diversity values were low (0.008 overall and ranged from 0.001 to 0. . The pattern of low nucleotide diversity and high haplotype diversity indicates that the population is comprised of a high number of closely related haplotypes. The statistical parsimony network corroborated this pattern with 36 of 42 haplotypes being separated by 3 or fewer mutational steps and the remaining 6 haplotypes being separated by 4 or more mutational steps. Additionally, Grant and Bowen (1998) suggested that patterns of low nucleotide diversity and high haplotype diversity are indicative of a low effective population size followed by expansion. Extensive within-population diversity is confirmed in having 42 haplotypes from 114 individuals collected from an area approximately 4 Â 10 km. Other studies on rodents have reported lower values from larger geographical areas. For example, Ehrich and Stenseth (2001) This value is considerably higher than F ST values reported from populations of other species of rodents, for example, Clethrionomys gapperi (0.07- Reese et al. 2000) and Spermophilus brunneus (0.167- Galvin et al. 1999) .
The 2 historical processes identified by the nested clade analysis as responsible for the observed pattern of genetic diversity were restricted gene flow with isolation by distance and contiguous range expansion. Whereas restricted gene flow seems to play a main role in the genetic structure of clade 5-1, contiguous range expansion seems to be the predominant force in clade 5-2. Based on this, we tentatively assumed that the appropriate interpretation for clade 2-7 was isolation by distance and contiguous range expansion for clades 2-19 and 3-5. Although the nested clade approach is not statistically sup-FIG. 2.-Nested haplotype network for Neotoma micropus based on an analysis of mitochondrial d-loop sequence data. Haplotypes are represented by the letter ''H'' followed by the haplotype number. Closed circles represent putative intermediate haplotypes that were not sampled in this study. Nested clades are designated in italics with the nesting level (1 through 5) followed by a dash and the particular nested clade number. CRE ¼ contiguous range expansion, RGF ¼ restricted gene flow with isolation by distance. Sample sizes for haplotypes containing more than 1 individual are in parenthesis next to the haplotype designation. Haplotypes that contain family units (mother and offspring) are indicated with an asterisk. For ease of identification, solid and dashed polygons were used alternatively to delineate between nesting levels. Solid, thin-lined rectangles represent 1-step clades. Dashed, thin-lined rectangles represent 2-step clades. Solid, medium-lined rectangles represent 3-step clades. Dashed, medium-lined polygons represent 4-step clades; and solid, heavy-lined polygons represent 5-step clades. Ambiguous loop connections are indicated in fine dashed arrows. ported, it is the best available method for estimating historical patterns of genetic diversity at the population level (Knowles and Maddison 2002) .
Examination of the distribution of haplotypes across collection sites (Fig. 1) revealed spatial patterns that support the results of the nested clade analysis. First is the presence of ''site-specific'' haplotypes. Haplotypes are distributed across the 10 collection sites (Fig. 1) and range in frequency from a single site-specific haplotype at Midden Site 7 to 10 haplotypes at Midden Site 1. At 5 sites (middens 1, 2, and 6, and webs I and III) site-specific haplotypes represented the major source of genetic variation. These observations support the premise that gene flow is restricted between collecting sites. Second, 7 haplotypes were shared among collecting sites with 5 sites sharing 2 or more haplotypes. This suggests that a few haplotypes are either widespread in distribution or are of sufficient frequency that they are detectable in multiple collecting sites.
None of 13 reference haplotypes were identical to the 42 haplotype obtained from the study area. However, the neighbor-joining tree indicated that several haplotypes were closely related to haplotypes obtained from the study site. Four of the 7 clades (I, II, VI, and VII) contained both reference and study site samples; however, 3 clades (I, II, and VII) contained haplotypes distributed across a geographic area .200 km. This indicates not only a close relationship among the haplotypes but that these haplotypes have a relatively broad geographic distribution and perhaps a long-standing evolutionary history. Alternatively, haplotypes in clades IV and V appear to be endemic to the study area and indicate a possible restricted distribution or recent evolutionary history. These 2 clades contained 28.6% of the haplotypes represented in the study area. Additional haplotypes, obtained from localities adjacent and distant to the study site, are needed to further address this observation. Clade III contained 2 haplotypes from southeastern New Mexico and does not appear to be associated with any haplotypes from the study site.
The pattern of genetic diversity within this population suggests that gene flow might be restricted among sites separated by as little as 2-5 km. Similarly, Castleberry et al. (2002) using estimates of gene flow, suggested that effective dispersal was limited among subpopulations of Neotoma magister separated by as little as 2-3 km; however, they concluded that isolation by distance was the model best fitting the data. Conversely, Monty et al. (2003) reported genetic differentiation between populations of Neotoma floridana in southern Illinois but found no evidence for correlation between genetic and geographic distance. Other studies (Bowman et al. 2000; Peakall et al. 2003) reported that for some populations the genetic structure at finer scales was homogenized as the geographic scale or the species' ability to disperse increased. For example, genetic structure is lost over an increasing geographic scale; likewise, increased dispersal would interject new genotypes into a previously unoccupied area. However, we have no evidence of an increase in dispersal for N. micropus. Several processes could result in a pattern of restricted gene flow, including but not limited to, presence of a barrier (geographic, genetic, current, or historical), increased mutation rate at the local level, or inadequate sampling effort. For example, if 2 formerly allopatric populations recently came into contact, insufficient time might have elapsed for the homogenization of genotypes, producing a situation in which only partial or limited gene flow was detected. This scenario is supported by the finding of contiguous range expansion in several of the nested clades. Alternatively, failure to sample at appropriate distances between populations of small sample sizes could result in missing both rare and common haplotypes. Other possibilities such as differential lineage sorting, retention of ancestral haplotypes (Avise 1994) , or an interdigitative (complex or infused) pattern of genotypic distributions coupled with temporal expansion and contraction of the distribution of maternal lineages, could be obscuring the processes underlying the genetic diversity found in this population. Additional research, employing different genetic markers and/or analyses, are needed to test these possibilities.
In general, results from the nested clade and genetic distance analyses are compatible, although the geographic scales are different. Both analyses indicated the presence of haplotypes that are restricted or endemic to particular geographic areas, and both identify haplotypes that occupy a broader geographic area. It appears that patterns of restricted gene flow or endemic haplotypes, as well as continual range expansion or broadly distributed haplotypes are applicable in characterizing genetic diversity within a single population or across the geographic range of N. micropus.
The results of Fu's test of neutrality (Fu 1996) revealed nonsignificant values for all but 1 collection site. This indicates that few mutations (rare haplotypes) occur within geographic collection sites. However, when collection sites were disregarded and individuals were grouped based on inclusion into hierarchical nested clades, significant values were recovered. This indicated a greater number of mutations (haplotypes) than expected in the large nested clade (5-1, composite group) than seen in the geographic collection sites. This pattern provides evidence supporting the concept of restricted gene flow within nested clade 5-1. Fu's test (Fu 1996) did not indicate an excess of new haplotypes, and therefore provided no support for contiguous range expansion resulting from population growth in clade 5-2. However, contiguous range expansion might have occurred independently of population growth as a product of migration, redefining of home ranges, response to changing resources, response to local extinction, etc.
This study reports extensive genetic diversity in the examined population of N. micropus. Unfortunately, few studies exist for comparison, although many studies pertaining to phylogenetic relationships and systematics of the genus Neotoma have been conducted (Baker and Mascarello 1969; Birney 1973; Bradley 2001, 2002; Goldman 1910; Hall and Genoways 1970; Hooper 1960; Koop et al. 1985; Mascarello and Warner 1974; Planz et al. 1996) . The finding of contiguous range expansion of populations in this area supports the hypothesis by Fulhorst et al. (2002) that at least some of the genetic variation observed in WWAV on the Chaparral Wildlife Management Area might be due to the genetic interactions of at least 3 populations of N. micropus. Alternatively, Fu's test of neutrality (Fu 1996) supports the presence of restricted gene flow in this area, which could be indicative of a long evolutionary relationship between particular host lineages and viral strains. In order to examine this theory, co-evolutionary studies that compare genetic divergence of the virus strains and their specific hosts are needed. It is possible that the variability observed among the viral strains might be due to a combination of range expansion and restricted gene flow of 3 or more populations of its host in this area.
